The objective of the present study is to characterize the drought occurrences in a region comprising Paraguay, southern Brazil and northeastern Argentina. To recognize the drought occurrences the standardized precipitation index at the time-scales of 3 and 6 months was applied to the rainfall records from 1961 to 2011 at 51 rain gauges located in that region. After a drought regionalization using principal component analysis, a new approach, the Kernel occurrence rate estimation method coupled with bootstrap confidence band was used to quantify yearly drought occurrence rates. The study also includes the results of an additional and new approach based on rainfall threshold surfaces aimed at recognizing and monitoring the drought occurrence at the early stages of their development. For both time-scales, the study allowed identification of some spatial homogeneous regions regarding the severe droughts. In some of those regions, trends in the severe drought frequency occurrence were identified. The rainfall threshold surfaces, besides providing an adequate interpretation of the meaning of the standard precipitation index, can be quite easily and reliably utilized to identify the drought episodes.
INTRODUCTION
Meteorological drought is caused by a rainfall deficit over an extended period of time. This deficit may be accumulated and expressed relative to a climate norm and to the duration of the dry period (Lloyd-Hughes ). Definitions of meteorological drought must be considered as region specific since the atmospheric conditions that result in deficiencies of rainfall are highly variable from region to region (Wilhite ) . The SPI is linked to this drought type when calculated at an approximately 1-3-month time-
scale (Hayes et al. ).
The water soil deficiency is usually connected to agricultural drought and is caused by a deficit of fresh water relative to evapotranspiration losses. A drought exists when the water availability at the root-zone is insufficient to sustain crops and pasture between rainfall events (Tate & Gustard ) . For agricultural drought, Sims et al. () reported a strong relationship between SPI over short time-scales (estimated 3-6 months) and temporal variations of soil moisture.
A hydrological drought results directly from reduced rainfall, which originates from reduced surface runoff and, indirectly, from reduced groundwater discharge to the river channel. Key indicators are reduced river flows and low water levels in lakes and reservoirs. According to Lloyd-Hughes (), hydrological droughts are the most visible and important in terms of human perception. According to some authors, the SPI at a 12-month time-scale could be considered a hydrological drought index, having been tested for monitoring surface water resources, e.g. river flows and water levels in lakes (Hayes et al. ; Szalai & Szinell ) .
At longer time-scales of the SPI (24 or 36 months), droughts last longer, but are less frequent. They are used to monitor the impact of droughts on aquifers, which are systems that respond more slowly to changing conditions (Changnon & Easterling ) .
In the applications carried out, the time-scales considered for the SPI calculation were 3 and 6 months, since they provide a useful monitoring tool for agricultural drought assessment, which is particularly convenient due to the importance of the economic sector in the region under study.
The aim of this work was to investigate some of the drought characteristics in a study region, which comprises Paraguay, southern Brazil and northeastern Argentina in an attempt to understand the historical and recent climatic variability. The analysis utilized 51 years of rainfall data in 51 rain gauges fairly distributed over the region. To recognize the drought occurrences, the SPI at 3 and 6 months was computed based on the previous monthly rainfall data. The novelty of this work, especially in regard to the study area, is (i) the identification of spatial patterns of droughts, (ii) the characterization of the yearly drought occurrence rates using the Kernel occurrence rate esti- This paper is organized into five sections, two of them with subsections. With the background provided by this introductory section, the models applied are then described which comprises a briefly description of the drought index used (the SPI) and of the models applied in its characterization either in spatial terms (the principal component analysis (PCA)) or in terms of the occurrence rate of extreme droughts (the KORE estimation method). The study region and rainfall data are then presented followed by the results, which besides the analysis related to the identification of homogenous regions and to the changes in the occurrence rate of the droughts, includes surfaces of cumulative rainfall thresholds for drought recognition. Finally, conclusions are drawn and future research scenarios are proposed.
METHODS

Recognition of the drought occurrences
The analysis of the temporal variability of droughts was Vicente-Serrano ). The Pearson III probability distribution function is given by
where γ, α and β are the location, scale and shape parameters, respectively. The parameters of the previous distribution were estimated using the L-moments method.
The value of SPI attributed to each rainfall amount is the z-standard normal associated to the probability of nonexceedance of that rainfall, according to the Pearson type III distribution, as represented in Figure 1 .
The relationship among the SPI values, the probabilities of non-exceedance and the drought categories adopted in the study presented are shown in Table 1 .
The SPI calculated at different time-scales can be linked to different drought definitions, which refer to one or more components of the hydrological cycle (Rossi ), as previously specified.
Drought spatial patterns
One of the main objectives of the present study was to identify spatial patterns of droughts at different time-scales on the study area based on the rainfall records. To do that PCA was used.
PCA is a regionalization technic that can be used to identify homogenous groups of variables that experienced similar drought (or wet) conditions during a study period In the present study and since SPI is a normalized variable, accordingly with its calculation procedure, there was no need to previously transform the data.
Considering k variables in a given time period i, X i,1 , X i,2 , …, X i,k , k PCs are produced for the same time period,
, using linear combinations of the first ones, according to
In the applications developed, the variables X i,k refer to the SPI series, k is equal to the number of rain gauges considered in the analysis and i represents the length of SPI series in each rain gauge. PC extraction could be based on variance/covariance or correlation matrix of data with {a 11 , a 12 , …, a 1k } being the first eigenvector and {a k1 , a k2 , …, a kk } being the eigenvector of k order. Each eigenvector includes the coefficients of the k principal component. In the present study the Pearson correlation matrix was considered for PC extraction.
Finally the amount of variance explained by the first PC is called the first eigenvalue, δ 1 , the second is δ 2 , so that 
where K is the kernel function and h is the bandwidth. The following Gaussian kernel was used (Mudelsee et al. ,
The units ofλ(t) are mo Table 2 . Figure 2 shows the study region, along with the location of the rain gauges.
The rainfall data from Paraguay and Argentina were obtained from the National Meteorological Services of both countries. In the case of Paraguay the institution is 
RESULTS
Drought index and drought spatial patterns
Based on the monthly rainfall records at the rain gauges of Table 2 and Figure 2 , the SPI series for the time-scales of 3 (SPI3) and 6 (SPI6) months were computed.
The characterization of the time evolution of the SPI at different time-scales in a given rain gauge is not a trivial task.
One of the most suggestive and synthetic ways of performing such characterization is exemplified in Figure 3 , the concept taken from http://joewheatley.net/visualizing-drought/. The figure illustrates the time evolution of the SPI at the timescales from 1 to 12 months at one of the rain gauges analyzed in this study, and further characterized -the rain gauge A1 -Las Lomitas, located in northern Argentina.
We note that for producing Figure 3 , SPI1-12 were calculated, notwithstanding that the paper generally focuses on SPI3 and SPI6 on the other analyses.
The previous figure easily stresses the pronounced recurrence of dry periods in the 1960s and 1970s (yellow/brown colors especially marked in the higher time-scales of SPI), followed by a wetter period (green/blue colors) in the 1980s and early 1990s. Figure 2 also shows that for small To identify the spatial patterns of drought at different time-scales in the study area, PCA was applied. According to Equation (2) the variables X i,k refer to the SPI series, k is the number of rain gauges (51) On the basis of 51 years of monthly rainfall in the 51 rain gauges schematically located in Figure 2 , 51 series of SPI were obtained for each time-scale. As previously mentioned, the SPI series have 610 and 607 accumulated rainfalls for the time-scales of 3 (SPI3) and 6 (SPI6) continuous months, respectively.
According to the examination of Figure 4 , the scree plot shows that the line stops descending precipitously and levels out approximately on the fourth PC, which gives an indication to retain between three or four principal components. Taking into account the variance explained by each component, Figure 5 shows the first 10 PCs retained, being clear that the first seven components explain about 68% of the total variance in the original SPI series, for the SPI3, and about 69% for the SPI6. It could be noted that from PC eight to 10 these components explain, when compared to the first ones, only a small amount of variance in the original SPI data (2% each of the total variance). Seven leading components were also suggested from the analysis of the mapping of the factor loadings (correlations between the original data -SPI series at 51 rain gaugesand the PC series scores), since they fully cover the study area and do not overlap (similar patterns from those of Figures 6 and 7) .
Based on the results, and for the purpose of regionalization, which means choosing the number of components to rotate and include in the PCA, we agreed to retain the seven main patterns or RPCs that were considered in the study, F1-F7.
The spatial extent of the first seven retained RPCs (components F1-F7) that covers the entire study region was characterized by mapping the raw values of the factor loadings, since they are an important indicator to identify the region that can be correlated to a specific RPC. 
Rainfall thresholds for drought recognition
Despite the widespread use and the advantages of SPI compared to other drought indices, the interpretation of the values associated with SPI and drought monitoring based on those values are not easy to accomplish, especially as they involve standardized values that are difficult to relate the rainfall with which mathematical manipulation they result.
Therefore, an additional calculation was developed that
gives the SPI values that represent drought thresholds back to the rainfall field, thus facilitating an adequate interpretation of the meaning of such index and quite easily and reliably identifying the drought episodes (Portela et al.
). As a result, monitoring can be operationalized as can the subsequent actions that need to be undertaken.
For that purpose and for all the 51 rain gauges of Table 2 , the cumulative rainfall in 3 and 6 consecutive months were estimated for an arbitrary value of SPI of À1.65 (extreme drought, that according to Agnew () is associated to a 5% historical occurrence, Table 1 
DISCUSSION AND CONCLUSIONS
An exploratory approach aiming at characterizing the spatial pattern and the occurrence rates of droughts in Paraguay, southern Brazil and northeastern Argentina was carried out. To identify the drought events, the SPI was applied to the monthly rainfall series at 51 rain gauges at 3-and 6-month time-scales (3 and 6 consecutive months for SPI3 and SPI6, respectively).
The regionalization resulting from the PCA allowed identifying seven contiguous and non-overlapping regions with the same drought patterns. The regionalization was similar for both SPI3 and SPI6, which points toward a stable and consistent spatial pattern across other SPI timescales.
Regarding the analysis of the drought occurrences rates, the achieved results for both time-scales, despite proving the suitability of the approach based on the KORE method coupled with bootstrap confidence band construction, only allowed us to clearly identify two regions where trends in the drought frequency seems to occur, with opposite signals:
northeastern Argentina and Brazil, the first with more droughts and the second with fewer droughts up to the present day.
When analyzing the results one should keep in mind the reduced number of rain gauges that were considered coupled with the relatively small length of the rainfall samples. Accordingly, the next step of the study should expand the procedure by applying it to a denser network of rain gauges with an extended period of records, which will also allow a more detailed characterization of the droughts in the study area.
Despite its simplicity, the surfaces of cumulative rainfall thresholds for drought recognition can be a very helpful tool for drought management as they allow, in a timely and simple way, to recognize drought events and to follow their evolution. As a result, monitoring can be operationalized as can the subsequent actions that need to be undertaken. Therefore, more surfaces for other SPI timescales and drought categories should be obtained, especially when more rainfall data are available.
Water resources managers should also take in account these surfaces in order to alleviate possible future water shortages that could become more frequent and can cause significant economic losses in the agricultural sector of southern South America.
